INTRODUCTION
Ga 1-x In x As y Sb 1-y alloys can be grown lattice-matched to GaSb or InAs substrates and are useful for a wide range of optoelectronic devices operating in the midinfrared wavelength region. [1] [2] [3] The existence of a large miscibility gap, however, limits the material quality of alloys with x-and y-values that are in the range between approximately 0.15 and 0.85. 4, 5 Since epitaxial layers are typically grown at temperatures between 500∞C and 600∞C, phase separation by spinodal decomposition is likely to occur. Microscopic compositional in homogeneities consisting of GaAs-and InSb-rich phases were observed in Ga 1-x In x As y Sb 1-y grown by organometallic vapor phase epitaxy (OMVPE). 6,7 As a result, the optical, structural, and electrical properties were degraded by phase separation. 7, 8 It has been reported that GaInAsSb layers grown by OMVPE are particularly sensitive to growth temperature. 4,8-10 Both optical and structural properties improved by lowering the growth temperature. Furthermore, increasing the growth rate improved opti-Effect of Substrate Orientation on Phase Separation in Epitaxial GaInAsSb cal quality. 10 These results suggest that phase separation can be kinetically limited by reducing adatom diffusion lengths, thus, limiting the ability of the system to achieve equilibrium.
Recently, a study of the surface step structure showed that the decomposition evolves on the surface during epitaxial growth. 7,10,11 GaInAsSb grown on (001) vicinal substrates with a 6∞ miscut angle had better optical and structural properties than layers grown on substrates with a 2∞ miscut angle. 10,11 However, the miscut directions were not the same in that comparison. Since both surface diffusion and adatom attachment at step edges are anisotropic on the surface of (001) III-V substrates, 12,13 the mechanism for the difference is ambiguous. In this paper, the effect of the substrate miscut direction on Ga 1-x In x As y Sb 1-y grown nominally lattice-matched to GaSb substrates by OMVPE is reported.
EPITAXIAL GROWTH AND CHARACTERIZATION
Ga 1-x In x As y Sb 1-y epitaxial layers were grown nominally lattice-matched to vicinal (001) Te-doped GaSb substrates with miscut angles of 2∞ or 6∞ AE ( ) 1 11 A, ( ) 111 B, or (101).
Step edges of substrates miscut The effect of substrate misorientation on phase separation in Ga 1-x In x As y Sb 1-y nominally lattice matched to GaSb is reported. The layers were grown at 575∞C by organometallic vapor phase epitaxy on vicinal (001) GaSb substrates, miscut 2∞ AE ( ) 1 11 A, ( ) 111 B, or (101). Ga 1-x In x As y Sb 1-y (x ~ 0.1, y ~ 0.09) layers, which have 300-K photoluminescence (PL) peak emission at ~2.1 mm, grow stepbunched and exhibit minimal phase separation. The full width at half maximum of 4-K PL spectra is slightly smaller at 7 meV for layers grown on substrates miscut toward ( ) 111 B compared to 9 meV for layers grown on substrates miscut toward ( ) 1 11 A and (101). Ga 1-x In x As y Sb 1-y layers with higher alloy composition (0.16 £ x £ 0.19, 0.14 £ y £ 0.17), which have 300-K PL peak emission at ~2.4 mm, have significant phase separation. These layers are characterized by increased lattice constant variations and epitaxial tilt, broad PL spectra with significant band tailing, and strong contrast modulation in transmission electron microscopy. The degree of decomposition depends on substrate miscut direction: Ga 1-x In x As y Sb 1-y layers grown on (001) 2∞ AE ( ) 111 B substrates are more homogeneous than those grown on (001) (101) have an equal density of A-and B-steps. The GaSb substrates were etched in concentrated HCl for 5 min. 14 Solution trimethylindium, triethylgallium, tertiarybutylarsine, and trimethyl-antimony were used as precursors as described previously. 15 Layers with alloy compositions 0.1 £ x £ 0.19, 0.09 £ y £ 0.17 were grown, with the larger x-and y-values representing alloys deeper in the miscibility gap. 4,5 The growth temperature was 575∞C. Although previous results reported a smaller extent of phase separation for growth at a low temperature of 525∞C, this higher temperature was used to promote a step-bunched surface, which was reported to enhance phase separation. 10 The layers were typically 1 mm to 2 mm in thickness and grown at ~5 mm/h. A vertical rotatingdisk OMVPE reactor was used with H 2 carrier gas at a flow rate of 10 slpm, reactor pressure of 150 torr, and typical rotation rate of 40 rpm.
The layers were characterized with atomic force microscopy (AFM) operated in tapping mode. Etched Si cantilevers with a nominal tip radius of 5 nm to 10 nm and a sidewall angle of 10∞ were used. The structural quality was evaluated by transmission electron microscopy (TEM) and high-resolution x-ray diffraction (HRXRD), while PL measurements at 4 K and 300 K were used to characterize the optical properties. Figure 1 shows AFM images of Ga 1-x In x As y Sb 1-y layers with two nominally different alloy compositions grown on (001) 2∞ AE ( ) 1 11 A, (001) 2∞ AE ( ) 111 B, and (001) 2∞ AE (101) substrates. The alloy composition was estimated from XRD and 300-K photoluminescence (PL). AFM images of layers with x ~ 0.1 and y ~ 0.09, which corresponds to ~2.1-mm GaInAsSb, are shown in Fig. 1a -c. All surfaces exhibit a periodic morphology that is attributed to step-bunching. 16, 17 The step edges are aligned perpendicular to the miscut direction and terraces extend over hundreds of nanometers. The average width of (001) terraces vary from about 38, 29, and 40 nm for the (001) 2∞ AE ( ) 1 11 A, (001) 2∞ AE ( ) 111 B, and (001) 2∞ AE (101) substrates, respectively, and step heights vary accordingly to preserve the substrate miscut angle of about 2∞. Larger-scale height undulations with a Fig. 1 . Atomic force microscope images of (a) Ga 0.9 In 0.1 As 0.09 Sb 0.91 on (001) 2∞ AE ( ) 1 1 1 A, (b) Ga 0.9 In 0.1 As 0.09 Sb 0.91 on (001) 2∞ AE ( ) 1 1 1 B, (c) Ga 0.9 In 0.1 As 0.09 Sb 0.91 on (001) 2∞ AE (101), (d) Ga 0.82 In 0.18 As 0.16 Sb 0.84 on (001) 2∞ AE ( ) 1 1 1 A, (e) Ga 0.81 In 0.19 As 0.17 Sb 0.83 on (001) 2∞ AE ( ) 1 1 1 B, and (f) Ga 0.84 In 0.16 As 0.14 Sb 0.86 on (001) 2∞ AE(101). Vertical scale is 5 nm/division in all cases. 
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